Abstract. "Spain's Methyl Bromide (MB) Alternatives Project" has been developing/demonstrating alternative fumigants for methyl bromide on strawberry in Huelva since 1997. Here, we describe our research carried out between 2008 and 2010. In all the trials 'Camarosa' was grown under high plastic tunnels between October and the end of May every year. Field trials with the same complete randomized block design and 10-12 treatments were performed annually in two locations of Huelva ("Occifresa"-Moguer and "Cumbres Malvinas"-Palos de la Frontera.). In 2007/08 and 2008/09 the following ten treatments were applied: untreated control; MB + chloropicrin (50 : 50 w/w); sodium azide; dazomet + 1,3D(dichloropropene); 1,3D + chloropicrin (61 : 35 w/w); chloropicrin alone; DMDS (dimethyl disulphide) + chloropicrin; methyl iodide + chloropicrin (50 : 50 w/w); acrolein; and furfural. In 2009/10, non-chemical treatments (biosolarization) were included; in comparison with previous year, four additional treatments were applied: biosolarization with fresh poultry manure (25,000 kg/ha), biosolarization with Brassica pellets (2,000 kg/ha), sodium tethathiocarbamate and metam sodium shank-applied with Rotary Spader implement. Black root rot complex (Fusarium spp., Cylindrocarpon spp., Rhizoctonia spp., and Pythium spp.) and nematodes Meloidogyne hapla and Pratylenchus penetrans were the main phytosanitary problems related to the soil, and Macrophomina phaseolina was detected occasionally in the first two seasons. However, plant survival, fruit size and yields were optimal in both locations. In 2009/10 at "Occifresa"-Moguer a higher percentage of dead plants was evidenced, and at an earlier stage than the previous growing seasons, mainly caused by Macrophomina phaseolina and Fusarium oxysporum. DMDS + chloropicrin, 1,3D + chloropicrin and chloropicrin alone were as effective as MB : chloropicrin. Biosolarization with fresh chicken manure (25,000 kg/ha) showed higher production than the untreated control.
Introduction
Strawberry crops have been the most relevant Methyl Bromide (MB) consumers within Spain [1] . This soil fumigant was definitively phased-out for strawberry in the European Union in 2007. The "Spain's Methyl Bromide Alternatives Project" has developed activities on strawberry in Huelva since 1997/98; in the 1997-2001 period several chemical and non-chemical control highlighted as potential alternatives to MB for coastal Huelva and Mediterranean areas.
These were 1,3dichloropropene : chloropicrin (61 : 35% w/w), chloropicrin alone, dazomet, and soil solarization combined with metam sodium at low rate [18] .
On the other hand, since 2002/03 a series of field trials with chemical and non-chemical alternatives have been conducted in two locations in the coastal area of Huelva, that is a major reference for other Mediterranean strawberry industries abroad: "Occifresa" Farm (Moguer; location 1) and "Cumbres Malvinas" Farm (Palos de la Fra., location 2); both of them in conventional crop system. So far, more than 20 alternative fumigants have been evaluated in this series of experiments, i.e., MB + chloropicrin, 1,3-dichloropropene + chloropicrin (1,3D : chloropicrin), chloropicrin alone, metam sodium, dimethyl disulphide (DMDS), ethanedinitrile, propylene oxide, sodium tetrathiocarbamate, methyl iodide + chloropicrin, essential oils, were shank-applied, or drip-irrigated such as sodium azide, furfural under mulched (VIF LDPE film) pre-formed beds, or incorporated into the soil: dazomet and calcium cyanamide [16, 17] . (Table 1) . In 2009/10, twelve treatments were used, under mulched beds with black polyethylene film, including biosolarization with fresh chicken manure (25,000 kg/ha); biosolarization with Brassica pellets (Italia of Cerealtoscana Group) (2,000 kg/ha); and, sodium tethathiocarbamate and metam sodium shank-applied with modern Rotary Spader implement (Table 2) .
Materials and methods

During
Chemical fumigants were applied every year (from mid-August to mid-September) and superimposed on the same parcels and replications; except in Palos de la Fra. (location 2) (2009/10), where after seven growing seasons, we were required to move our field trial into a new parcel within the same farm shank-fumigated with 1,3D + chloropicrin since 2007/08. In 2009/10, non-chemical treatments (biosolarization) were applied during the second week of July and soil solarization was conducted from mid-July to mid-August. 'Camarosa' plants were planting each season at mid-October and were grown, following IPM practices under high plastic tunnels until late May every year. Controls of the sanitary status of plants were done by sampling fifty plants per location before planting. To detect fungal infections, crowns and 5-cm-long root-segments were surface disinfected, plated on potato dextrose agar and cultivated at 25 • C for seven days in the dark. To detect nematode infections, plant roots and leaves were cut into small pieces and processed by the sugar centrifugation method [23] . Soil samples from each replication were also evaluated for fungal presence before (early-July) and after (October) treatments.
Ten randomly selected plants from each replication were observed throughout the complete growing season; plant diameter (plant vigour) was determined by taking measurements across the above ground foliage. The incidence of crown and root fungal diseases and nematodes in the plants was assessed at the end of each season (early-May) on the same plants selected for plant vigour. Five plants were used to detect soil-borne fungi and five plants to detect nematodes. Additionally, samples of symptomatic plants (in particular collapsed, wilt, or very small plants) were taken. For plant fungi isolation and determination methods were according to the literature [10, 11, 20, 28] . Regarding the nematodes, the Gall Index was recorded in a 0-4 rating scale (being value 0 absence of symptoms and 4 all roots attacked) [4] . Roots from the five selected plants from each replication were joined in one single sample of 10 g and sedentary forms of M. hapla and endoparasitics forms of P. penetrans were extracted and quantified by the sugar centrifugation method [23] .
Plant survival, early (end-March) and total yield (end-May) and fruit size were recorded throughout the production season (mid-January to end-May) at both locations.
Data were submitted to analysis of variance and treatment means were compared with Fischer's protected least significant difference test at the 5% significance level (Statistix v. 8.0, Tallahassee, Florida, USA).
Results
In 2007/08, the commercial yields of chloropicrin alone, DMDS + chloropicrin, 1,3D + chloropicrin and dazomet + dichloropropene were higher than the standard MB + chloropicrin (50 : 50); in general, the agronomical traits and yields were optimal in both locations (Table 3) . On the other hand, MB + chloropicrin (50 : 50), sodium azide, dazomet + dichloropropene, DMDS + chloropicrin and methyl iodide + chloropicrin (50 : 50), all reduced the initial fungal population significantly (data not shown). High isolation frequencies of Cylindrocarpon spp. in roots Table 3 2007/08. Total commercial yield in g/plant and relative yield in different pre-plant fumigation treatments in fields of 'Camarosa' grown at two locations in Huelva (Spain) and Fusarium spp. in crowns, low isolation frequencies of Rhizoctonia spp., and increasing isolation frequencies of species of Pythium spp. were detected in both locations at the end of the growing season (black root rot complex). Macrophomina phaseolina was detected occasionally in plots of untreated control and furfural in location 1 ("Occifresa"). Nematode Pratylenchus penetrans was detected in samples from "Occifresa" (location 1) and Meloidogyne hapla was observed in samples from "Cumbres Malvinas" (location 2) at the end of the cultivation period (Table 4 ). In the case of P. penetrans sodium azide, chloropicrin alone, acrolein and furfural did not reduced nematode populations at the end of the season compared to the untreated control. In addition, dazomet + dichloropropene, 1,3D + chloropicrin, DMDS + chloropicrin and methyl iodide + chloropicrin showed the same capacity of reduced the nematode population that MB + chloropicrin. In the case of M. hapla the gall index (severity index) as well as the number of sedentary forms recovered from roots at the end of the season, were higher in sodium azide, acrolein and furfural treatments not reducing the nematode populations in comparison with the untreated control. The remaining treatments were as effective as MB + chloropicrin (Table 4) . In 2008/09, the commercial yields of DMDS + chloropicrin, 1,3D + chloropicrin, methyl iodide + chloropicrin (50 : 50), chloropicrin alone and dazomet + dichloropropene were higher or equal than the standard MB + chloropicrin (50 : 50); also, the agronomical traits and yields (Table 5) were optimal in both locations. Most of the treatments reduced significantly initial fungal populations (data not shown); however, some treatments were less effective (location 1 "Occifresa": untreated control and furfural, and location 2 "Cumbres Malvinas": untreated control and 1,3D + chloropicrin). Fusarium spp., Cylindrocarpon spp. and Rhizoctonia spp., were frequently isolated from location 1 ("Occifresa") and 2 ("Cumbres Malvinas"). Presence of Pythium was increased in location 2 and not detected in location 1 at the end of the growing season. Macrophomina phaseolina and Phytophthora cactorum were isolated in both locations. Once again, nematode Pratylenchus penetrans was detected in samples from "Occifresa" (location 1) and Meloidogyne hapla from "Cumbres Malvinas" (location 2) at the end of the cultivation period (Table 6) . MB + chloropicrin (50 : 50) and methyl iodide + chloropicrin (50 : 50) were the most effective to control Pratylenchus penetrans populations, whilst small differences were observed for the control of Meloidogyne hapla (Table 6 ).
In 2009/10, our results have been influenced by the change of experimental parcels in "Cumbres Malvinas" (location 2). In "Occifresa" (location 1), the commercial yields of DMDS + chloropicrin, 1,3D + chloropicrin and chloropicrin alone were equal than with the standard MB + chloropicrin (50 : 50), not only in g/plant but also in kg/ha. Dazomet + dichloropropene and biosolarization with fresh chicken manure (25,000 kg/ha) were slightly less productive than the standard MB + chloropicrin without significant differences among treatments (Table 7) . In location 1, using the same fumigant treatments repeated growing season after growing season in the same replications, differences in agronomic traits and dead plant percentage observed during the second part of the growing season have been enormous. However, small significant differences have been observed among treatments in location 2; as explained above this was because of relocation of the experimental parcels in 2009/10 (data not shown). During this growing season (2009/10), Meloidogyne hapla in "Cumbres Malvinas" farm (location 2) disappeared. However, the concentration of Pratylenchus penetrans observed in "Occifresa" (location 1) has been much higher than in the previous growing seasons (due to the mild temperatures of fall/winter 2009/10). MB + chloropicrin (50 : 50) was the most effective to control Pratylenchus penetrans populations, followed by 1,3D + chloropicrin, DMDS + chloropicrin and methyl iodide + chloropicrin (98 : 2) (150 kg/treated ha)., and in the next level of efficacy were metam sodium, dazomet + dichloropropene and biosolarization with fresh chicken manure (25,000 kg/ha) ( Table 8 ). Means followed by the same letter in each column were not significantly different (P ≤ 0.05) by the LSD test. Transformation log (1 + x). 1 Severity Index Scale: 0 (No symptoms) to 4 (all roots attacked). 4 Relative yield in relation to MB standard treatment MB : CP (50-50) = 100%; Means followed by the same letter in each column were not significantly different (0.5 ≤ P) by the LSD test.
In location 2 ("Cumbres Malvinas"), isolation frequencies of soil borne fungi and the percentage of dead plants at the end of the growing season were very small (data not shown). However, in location 1 ("Occifresa") the percentage of dead plants during the second part of the growing season (April/May, 2010) was very high and occurred at a much earlier stage than in the previous growing seasons, with significant differences among treatments (Table 9 ). In these final die-back counts Macrophomina phaseolina and Fusarium oxysporum were identified mainly; also Rhizoctonia spp. and Phytophthora cactorum were detected. 
Discussion
Strawberry production in Spain has been exclusively relied upon the use of methyl bromide (MB) alone or in combination with chloropicrin as preplant soil fumigation treatments for control of soilborne diseases, nematodes, and weeds [6, 8] until its phase out as a result of the Montreal Protocol on substances that deplete atmospheric ozone [2, 29] . In order to look for viable alternatives, research on MB has been intensive throughout the world in the last 15 years [1, 8, 13-17, 21, 24, 25] .
In this work, 1,3D + chloropicrin, DMDS + chloropicrin, and chloropicrin alone have outstanding. The effect 1,3D + chloropicrin has been widely studied throughout the world for controlling fungal disease and nematodes, and in some cases the need of incorporate herbicides along with this alternative to enhance activity against weeds has been pointed [22] . DMDS alone has fungicidal and nematicidal properties. The application of DMDS reduced populations of Pythium ultimum and Fusarium oxysporum [9] . However, other research carried out in strawberry nurseries in Spain has shown inconsistent results in controlling soilborne diseases [5] .
The effect of the combination of DMDS + chloropicrin has been previously study and resulted in higher early and total strawberry yields than the nontreated control, whereas there was no yield difference in comparison with MB + chloropicrin [26] . Recently López-Aranda et al. [16] suggested that the response with both treatment cited aboved (1,3D + chloropicrin, and DMDS + chloropicrin) was caused by successful soilborne fungus and nematode control, improving strawberry growth and development, which resulted in increased plant canopy diameters and higher strawberry early and total yield.
Our results with chloropicrin alone has shown an equal commercial yield than the control MB + chloropicrin, but according to Daugovish et al. [7] not seems to provided a complete protection against M. phaseolina; responsible of the Charcoal rot disease. Although the main soilborne diseases in southern Spain are crown rot (Phytophthora cactorum), verticillium wilt (Verticillium spp.), and black root rot (Fusarium spp., Rhizoctonia spp., Pythium spp., and Cylindrocarpon spp.) [27] , M. phaseolina is emerging as an important disease in strawberry production fields in Florida [20] , Israel [30] , California [12] and Spain [3] , and there are evidences in France, India and Egypt [19] .
Although non-chemical treatments such as steam, soil solarization, soilless cultivation, or biofumigation are still considered risky and/or not economically viable to be used alone as alternatives to MB [1] , in this work promising results are obtained with the biosolarization with fresh chicken manure. This kind of treatments will be of great interest particularly in Mediterranean European countries, where there are serious problems for chemical fumigant applications due to the implementation of the Directive 91/414/EEC. Currently, of the treatments usually employed at Huelva for strawberry production, dazomet is the unique molecule included in the Annex 1 [31] . 1,3-dichloropropene is not included in the Annex I of this Directive EEC, and its use is limited for National Emergence Uses only (periods of 120 days), and chloropicrin can be used until June 30th 2013. It is discussing the inclusion (or not) in Annex I of chloropicrin (very possible phase-out of chloropicrin in EU).
Conclusions
The fumigant treatments DMDS + chloropicrin, 1,3D + chloropicrin and chloropicrin alone have shown very good results as MB + chloropicrin chemical alternatives in this series of trials for strawberry in Huelva (Spain). Also, the new non-chemical treatment with biosolarization with fresh chicken manure has shown interesting preliminary results and it seems to be a very good practice to continue developing this non chemical alternative at a bigger scale in the coastal area of Huelva.
